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BACKGROUND: Several studies suggest that exposute to organophosphate insecticides (OP) during
pregnancy impairs neuredevelopment in children.

OBIECTIVES: We evaluated associations between biomarkers of prenatal and postnaral OP exposure
and cognitive function of G-year-olds in a French longitudinal birth cobort.

METHODS: In 2002-2006, the PELAGIE mother—child cohort enrolled pregnant women from
Brittany. For a random subcohort, we measured nonspecific dialkvlphosphare metabolites {DAP)
of OP in one maternal urine sample, collected before 19 weeks gestation, and in one urine
sample collected from their G-year-old children. Six subtests of the Wechsler Intelligence Scale
for Children, 4th edition (WISC-1V) were administered when the children were 6 vears of
age to evaluate cognitive functon (# = 231). Linear regression models controlling for factors
including maternal jntelligence and the Home Observation for Measurement of the Environment
score were used.

Resurts: WISC-TV scores were not significantly assoclated with presatal or childhood total DAP
metabolites. WISC verbal comprehension score was significantly higher in association with the
highest maternal urinary concentrations of diethylphosphate (DE) metabolites (3.5; 95% CIL:
0.8, 10.3 for > 13.2 amol/L vs. < LOQ), whereas WISC working memory score was significandy
fower in association with the highest urinary concentrations of DE metabolives at age 6 years (-3.6;
95% Cl: 7.8, -0.6 for » 11.1 smol/L vs. <« LG,

ConcLusion: We found no evidence that prenatal OP exposure adversely affected cognitive
function in G-year-olds, perhaps becanse of the population’s socioeconomic status, which was
higher than in previous studies, though other causal and noncausal explanations are also possible.
The negative association between WISC score and concurrent DE arinary concentrations reguires
replication by longitudinal studies investigating childhood OP exposure.

CrraTion: Cartier C, Warembourg C, Le Maner-Idrissi G, Lactoix A, Rouget F, Monfort C,
Limon G, Durand G, Saint-Amour D, Cordier S, Chevrier C. 2016. Organophosphate insecticide
metabolites in prenatal and childhood urine samples and intelligence scores at 6 ye&rs of ages

results from the mother—child PELAGIE cobort (France). Environ Health Perspect 124:674-680;
hetp://dx.doi.org/10.1289/ehp. 1409472

Introduction

Organophosphate insecticides {(DPs) are
used on conventional agricultural crops and
for residential and veterinary purposes. In
France, these chemicals have been found in
dietary products (Nougadére et al. 2012},
outdoor air {Air Breizh 2012), and mdoor
environments; residues have been detected
in house dust (Bouvier et al. 2006b)
and indoor air (Bouvier et al. 2006b) and
measured on the hande of both children and
adults {(Bouvier et al. 2006a). Accordingly,
exposure to OPs is thought to occur via
dietary intake (Lu et al. 2008}, direct
contact from domestic use, and proximity

{Berton et al. 2014; Bradman et al. 2003}
suggests that fetuses too are exposed to these
chemicals. After birth, babies and toddlers
can be exposed to OPs via breastfeeding
{(Weldon et al. 2011) and repeated hand-to-
mouth behavior.

OP insecticides are well-known neuro-
toxicants (Costa 2006). At high doses, these
chemicals inhibit acetyl cholinesterase and
thus result in a buildup of acetylcholine
in synaptic junctions. At doses too low to
inhibir dcetyl cholinesterase, studies in
animals indicate that OPs alter gene expres-
sion, reduce neuronal survival and differ-
entiation, and influence ncm«cbc;iincrgir

to spraying areas, Numerous bi@logicai
monitosing studies show that OP exposure
is widespread among children and pregnant
women (Bradman et al. 2013; Castorina
et al. 2010). The finding of OPs in amniotic
fluid and meconium from newborns
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biochemical pathways (Costa 2006; Slotkin
et al. 2006). The association of chronic
low doses of OPs with child development
is currf:nt?y under active investigation.
Because the brain is more vulnerable to
neurotoxic insult during maturational and
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developmental processes (Rice and Barone
2000}, perinatal and childhood exposures
may constitute a window of hig}mr suscepti-
bi]ity to neurotoxicity.

Several epidemiclogical studies report
associations between perinata? OP exposure
and adverse neurodevelopmental outcomes
among children (Gonzdlez-Alzaga et al.
2014). Using ques[ic;nnair(—:-based assess-
ment of occupational exposure, studies have
reported that children exposed in utero to
OPs in ¢heir mothers’ workplaces appear to
have impaired visual memory (Handal et al.
2008} and altered motor function {Grandjean
et al. 2006; Handal et al. 2008; Harari et al.
2010}, Longitudinal birth cohort studies
using maternal exposure biomarkers report
that prenatal OP exposure has been associ-
ated with poorer reflexes in newborns (Engel
et al. 2607; Young et al. 2005), mental
and psychomotor developmental delays in
‘hi}dren {Engel et al. 201 1; Eskenazi et al.

007; Rauh et al. 2006), lower social skills
(Furlong et al. 2014}, decreased intellectual
functicning (Bouchard et al. 2011; Engel
et al. 2011; Rauh et al. 2011), and higher
rates of children who screen positive for
symptoms of attention deficithyperactivity
disorder (Marks et al. 2010). These longitu-
dinal cohort studies were all conducted in
MNorth America, and despite the variety of
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the neurodevelopmental tests used in these
studies they have reached the same conclu-
sions: Prenatal OP exposure may be associ-
ated with devdopm-‘:ntal neurotoxicity.

The aim of this study was to investigate
the association between prenatal and post-
natal OP EXPOSUTE assessed with urinary
biomarkers and rognitive neurodevelopmert
in 6-year-old children from a European
longltucmal study.

Methods
Population and study avea. The PELAGIE

cohert, which included 3,421 pregnant
women enrolled between May 2002 and
February 2006 in Brittany (France), was
established to assess the potential tmpact of
environmental and occupational exposure to
chemicals on pregnancy and child develop-
ment. Brittany is an important French agri-
cultural region with 65% of its area devoted
to agriculmre in 2006, particulaﬂy maize,
grains, and vegetables (Agreste Bretagne
2007). Pregnant women were enrolled before
19 weeks' gestation from the gr:m‘:ral popula«
tion by obstetricians, gyrzeco]ogista or ultra-
sonographers at early visits for prenatal care.
They were asked to complete a questionnaire
including their home address; social, demo-
graphic, occupational, and medical character-
istics; dietary habits (fish, froit and vegetable,
dairy products, eggs, meat, offal, and bread);
and lifestyle. Most reported household use of
insect control products during the pregnancy
{Petit er al. 2012).

A subcohort of 601 women {(18% of the
total cohort) was randomly selected for biolog-
ical assays from the cohort members who gave
birth to a live-born singleton (Chevrier et al.
2011}. For the present analysis, we excluded
subcohort members if the child’s ge%tationaﬁ
age at birth was < 35 weeks; if the child under-
went neonatal hospitalization or resuscitation,
or had hypc;glycemia or a 5-min Apgar score
< 7 at delivery; if the child was diagnosed with
genetic anomalies; or the mother or child
died after birth; or the child was » 6 years of
age at the time of the study (i.e., was born
before September 2003). This left 477 eligible
families. Among them, we were able to
contact 373 families by telephone and invire
them to participate in the neuropsychological
examination (before the child reached 6 years,
3 months of age). Fifteen children had already
under;lone nearopsychological tests, mainly
for speech therapy, and were thus excluded.
Another 115 families refused to participate,
mc;stly because of fack of time. The participa-
tion rate was 65% (243/373 families we could
contact). Among these participants, 231 of the
mothers had prenatal urinary samples avail-
able. At the time of the neuropsychological
examination, all mothers completed additional
questionnaires about their 6—year—mid child’s

Organophosphate

environment and health. The study subjects
gave written informed consent before partici-
pating in this follow-up study, and the appro-
priate French ethics committees approved all
study procedures.

Measurements of OF exposure. At enroll-
ment, pregnant women were asked to collect,
at home, the ﬁrst«momingrvoid urine sampk
into 10-mL vials {containing nitric acid to
prevent bacterial multiplication). They
returned the urine sample to the research
]aboratory by local mail, in a self-addressed
prestamped package. At reception, samples
were frozen at =20°C unil e}ﬁpment to the
analysis laboratory. Children at age 6 vears
were asked to pm‘/jd-‘: the first-morning-void
urine sample, which was provided to the
psychologist at the time of the home visit.
First-morning-void urine samples were chosen
because they are more concentrated than
urine samples collected at other times (Barr
et al. 2003).

One urine sample from each mother and
one from each child were analyzed for six
nonspecific dialkylphosphate (D "&P) metabo-
lites of numerous OPF insecticides [diethyl-
pho pl’nte (DEP), cu"th"ithlopbmphate
(DETP), diethyldithiophosphate (DEDTP),
dimeth V]phosphatc (DMP), dimethylthio-
phosphate (DMTP), and dimeth yldn‘l io-
phosphate (DMDTP)]. The chemical analyses
were performed by the LABOC EA Insdtute

(SPE) and liquid chromatogmphy«almtrospmy
ionization tandem mass spectrometry (LC/
MS8E-MS). The mothers’ samples (10 ml)
were analyzed in 2008, and the chil
(1 mL) in 2013 with improved equipment.
For a detailed description of the urine assay
methods, including quality-control/quality
assurance procedures and equipment, see
Supplemental Material, “Chemical analyses.”

The limits of quarzttﬁc&tton {(LOQ) for the
chemical analyses of maternal urine samples
were 1.25, 1.7, 0.02, 0.2, I, and 0.45 ng/L
for, respectively, DEP, DETP, DEDTP,
DMP, DMTP, and DMDTP, and the coef-
ficients of variation at LOQ respectively 19,
19, 20, 17, 19, and 20%. For the children’s
samples, values between the limit of detec-
tion (LOD} and the LOQ were available. The
LODs were 0.2, 0.1, 0.005, 0.06, 0.32, and
0.13 p;J'I and the coefficients of variation
20, 17, 18, 16, 13, and 17% for, respc%ctlvely,
DEPR, DETP, DEDTP, DMP, DMTP, and
DMDTP. For the sake of clarity, hereafter
we use LOD to refer to LOQ for marternal
urinary samples.

Metabolite concentrations were
converted from micrograms per liter to their
molar concentrations {nanomoles per liter),
Concentrations were surmmed to obtain overall
concentrations of diethylphosphate metabo-

lites (DE; sum of DEP, DETP, and DEIDTP),

ren's
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ticides and neurcdevelopmen

dimetbyiphospham metabolites (DM, sum
of DMP, DMTP, and DMDTP), and all six
nonspecific dialkylphosphate metabolites.

Newrspsychological assessment and
questionnaives. The Wechsler Intelligence
Scale for Children, 4th edition, French
version (WISC-IV), was used to assess chil-
cognitive functions at the age of
6 years {Wechsler 2003). Assessments were
conducted at home by one of the two trained
psychologists, blinded to the child’s prenatal
and current OP exposure. Six WISC-IV
subtests were administered to assess cogni-
tive abilities: 4) Similarities, #) Vocabulary,
o C omprehrzrsbn ) Digit Span, ¢) Letter-
Number Sequencing, and f§ Block Design.
Two scores were calculated with the age-
standardized WISC-IV norms: 2) Working
memory score {Digit Span and Letter—
Number Sequencing subtests}, and &) verhal
comprehension score (Similarities, Vocabulary,
and Comprehension subtests), A few children
had incomplete testing because they expressed
fatigue. For the WISC-1V working memory
score, the Letter-MNumber Sequencing
subtest was missing for 8 children. For the
WISC-IV verbal compr(—:bension score, missing
values were from missing Comprehensi@n
subtest (1 = 2) or from two missing subtests
{Comprehension and Vocabulary, # = 1),
The scores were highl‘y correlated with their
respective subtests (Pearson’s rho ranging from
0.74 t0 0.89, all p < 0.0001) allowing us o
predict the missing scores from their available
subtests with linear regression model. The
second psychologist assessed simultaneously
the verbal I of the mother at the home,
with the Wechsler Adult Intelligence Scale,
3rd edition (WAIS-1I1} (Wechsler 1997},
as well as the famiiy environment, with the
Home Observation for Measurement of the
Environment inventory (HOME) (Caldwell
and Bradley 1984).

Porential covariables. The following
potential confounding variables were chosen
based on prior knowledge of factors influ-
encing neurodevelopment: 4} maternal charac-
teristics at inclusion (< 19 weeks of gestadion):
mothers’ age, education (university level or
fower), tobacco and aleohol use during preg-
nancy (yes or no}, usual consumption of fish

dren’s

(= 2 per week), usual fruit and vegetable
consumption (2 3 per day), urinary

creatinine levels {continuous variable), season
of urine wl]ectmr‘ {spring, summer, autumn,
or winter), and parity (0 or = 1}; §) family
characteristics at the G-year ﬁal?o Weup: marital
status (living alone or not), maternal verbal IQ
{continuous variable), HOME score (contin-
vous variable), and number of children before
the index child {continuous variable); ¢ chil-
dren’s characteristics: breastfeeding duration
{no, £ 16 weeks, or > 16 weeks), school
{preschool or elementary school), and urinary
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creatinine levels; and 4} testing characteristics:
psychologist testing the child and any distur-
bances during the testing (yes or no). Missing
values for categorical covariates were imputed
using the most common category (breast-
feeding duration: # = 1, > 16 weeks; school:
= 1, primary school; mother’s marital status:
7 = §, married/cohabirating), and children
with missing data urine creatinine (2 = 3)
were assumed to have the median value for all
children (920 mg/L).

Statistical analysis. We examined the
association between urinary concentrations
of OP metabolites and WISC scores with
Wo approaches, 1 the first, with no prior
assumption about the shape of these relations,
we categorized the urinary concentrations
into three groups for DE: 4) values < LOD,
b values » LOD and < median, and o) Vaiues
> LOD and » median; we categorized the
values for DAP and DM in tertiles with
equal-sized groups; and we conducred linear
regression models. For the second approach,
we conducted restricted cubic spline regres-
sions of continuous natural log- tumfurmm
concentrations to explore the poss}b}e dose—
response relation and exploit the finer resolu-
tion of our exposure data. For these models,
values < LOD were rdnoomly imputed from
a lognormal-probability distriburion thar was
derived using a maximum-likelihcod estima-
tion method [Jin et al. 2011; with the PROC
LIFEREG with SAS software (SAS Institute
Inc.}]. Spline model estimates with 95%
confidence intervals (Cls) were graphed (SAS
macro %RES_Regs Desquﬂbet and Mariotti
2010}, and the difference in the fit of the
spline models and linear models was tested.
If the nonlinear model did not significandy
improve the model fit {# > 0.05}, we also
report coeflicients from linear models of the
log-transformed and imputed exposures. For
both approaches, separate regression models
were p(-:rform(—:d to estimate associations with
DAP, DM, and IDE metabolites, respectively.
Models for each set of metabolites included
baoth prenatal and childhood exposures (either
categorical o splined) in the same model.

For the linear fegression model, covari-
ates were selected if they were potential risk
factors associated with both prenatal urinary
concentrations and WISC scores at p £ 0.15
{(i.e., toral HOME score, breastfeeding
duration, and child school), or if they were
risk factors highly associated with WISC
scores {p = 0.005; i.e., maternal verbal IQ
and education level, and the psychologist).
Additional covariates and their potential
confounding effects were then considered one
’U‘y one in each multivariate model; thf:y were
retained if they modified the values of the
coeflicients of the prenatal exposure variable
by 2 10%. To investigate the association
between OP postnatal exposure and WISC
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scores, the children’s OP metabolite urinary
concentrations were forced in the final regres-
sion models, as were the mothers’ and chil-
dren’s creatinine levels. For spline models,
adjustments were similar to those used in the
linear regression models.

Because associations have been reported
between prenatal DAP urinary concentra-
tions and birth weight {(Rauch et al. 2012;
Whyatt et al. AQO/i), the lateer may lie on
the causal pathway between exposure and
cognitive scores. Thus, in additional analyses,
the final regression models were rerun with
birth weight as a covariate. Additional sensi-
tivity analyses were performed including only
participants with complﬁte data for SEpOsuIe
variables, covariates, and WISC-IV subtest
= 216).

Tests were two-sided and conducted at the
o = 0.05 level. All analyses were pcrtomud
with SAS software (8 Afwa"\f{ version 9.3}

scores, 7

Results

Table 1 summarizes the descriptive charac-
teristics of the 231 families included in this
study. The mothers’ average age at enroll-
mient was 30.3 y(—:'u's Most had attended
university (68.09) and lived with the child’s

Table 1. Descriptive characteristics of the participants (n=

father (94.29%). At inclusion, 23.4% reported
smoking and 13% drinking alcoholic bever-
ages at least once a week at the beginning of
pregnancy. Girls and boys were equally repre-
sented in the sample, and 65% of the children
had been breastfed,

Of the 231 mothers included in the
present study, 68% had attended university
compar ed to 53.9% among the 246 mothers
of children who were r.,hglblc for the 6 G-year
neuropsychological follow-up but were
not included (see Supplemental Material,
Table 51). Maternal age at birth, smoking
during pregnancy, and birth weight were not
signiﬁcaﬂdy different between the two groups,
but fruit and Vﬁgetablﬁ consumption during
pregnancy was significantly higher among
women included in the present zmalysis
{24.2% vs. 9.8% reporting consumption 2 3
times per day).

Among the 231 participating children,
the mean ( £ SDY WISC-IV working memory
score was 107 = 14 and the mean WISC-IV
verbal comprehension score was 107 + 16}
(Table 2). Higher maternal education level,
maternal WAIS-IIT verbal IQ score, and
HOME score were all significanty associ-
ated with higher WISC-1V scores (see

231, PELAGIE cohort, France).

Characteristics of mothers and families 1Y Range
At inclusion during pregnancy {< 18 wes
M age {yea 231 303141 21.9-44
Mat educali 0n~| level
gh school or iess 74{32.0)
A 157 {68.0)
7311234}
Alcohol uaf—‘(o/.v yes) 231113.0)
Fish intake (% 2 2 pprwpeki 2311{29.4)
! » 3 per day) 23142472)
231 1,080 + 509 235-3 511
Spring 721431.2)
Surnmer 581{25.1)
Autumn 481420.8)
Wintar 531{22.9)
98 {42.4)
133 {57.8)
23115.8)
231 934114 50127
231 2748,
amily af the B-year foliow-up 231 1-8
{ 231 {506
Birth weight {g] 231 3401 £ 4368 23404660
Breastfeeding duration®
No breastieeding 80 {34.6)
< 16 weeks 70430.3)
> 16 weeks

achoJ atdye

of age (% elementary)®
. rha'ariensnrs

g test (% yes)

81435.1)

“Drinking an sicoholic
inte

primary s

chaol), and mother's marital status (n=
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beverage at least once a week or more during pragnancy.
gence Scale, 4th ed. “Missing values were imputed for breastfesding dur
- §, marrisgfoohabitating).

“Mieasured with the Wechsler Adult
onin=1,> 16 wesks}, schoni{n=1,
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Supplemental Material, Table S2}. A higher
WESC-IV working memory score was observed
with elementary school (vs preschool), higher
fruit and vegeme consumption during preg-
nancy, and with mothers who did not smoke
duriné pregnancy. WISC-IV memory score
was also related to the psychologist testing the
child. A higher WISC-1V verbal comprehen-
sion score was associated with breastfﬁeding
duration, birth weight, fish intake, fruit and
vegetable consumption, and no disturbance
during testing.

As shown in Table 3, in the prenaral
maternal urine samp?es, DAP,. DM, and DE
metabolites were quantified in 91.3%, 89.6%,
and 49.8%., respectively. Median urinary
concentrations were 43.9 nmol/L for DAP
and 34.3 nmol/L for DM. In the children’s
urine samples, DAP, DM, and DF metaho-
lites were detected in 79.2%, 60.6%, and
52.8%, rc‘spﬁcrive]y Median urinary concen-
trations were 11.3 nmol/L for DAP, 3 nmol/L.
for DM, and 0.8 nmol/L for DE (Iab,ﬁ 3.
Mothers” OP urinary concentrations were
not statistically significanty correlated with
those of their children (in log-scale; DAP:
Foonon = 0.02, = 0.81: DM: rpn = ~0.04,
p ={. (C DE: Mearson = 0. \)( ]) Q. 64)

Final regression models for WISC-1V
working memory scores are presented in
Table 4. After adjustment for the covariates,
pr{:nata] DAP, DM, and DE urinary levels
were not statistically significantly associated
with WISC-1V working memory scores
measured at age 6 years.

Organophosphate

Simultanr:ously, no signiﬁcam associations
wrere observed between DAP or DM measared
at & years of age and the WISC-1V working
memory score. WISC-IV working memory
scores were signiﬁcarztiy fower in association
with the highest fa‘rﬁéﬁrv of DE in children’s
urine samples (-3.6; 95% Cl: -7.8, -0.6
for urinary concentrations > 11.1 nmol/L
vs. < LOD).

Estimates from models that incladed
only prenatal and childhood exposures and
corresponding creatinine concentrations were
g{:n{:raﬂy consistent with estimates from the
fu”y adjusted models, with no consistent
evidence of associations between eXposures
and working memory scores (see Supplemental
Material, Table 53). The association with high
DE concentrations at age & years was negative
but not significant {(~2.1; 95% CI: 7.1, 1.¢
for urinary concentrations > 11.1 nmol/L
vs. < LOD).

In general, dose-response curves gener-
ated from spline models of log-transformed
exposures were consistent with estimates
from models of the exposures as categorical
varizbles, without clear evidence of strong
or consistent associations {(see Supplemental
Material, Figure $1). Statistical tests
comparing the splinf: models to linear models
of the log-transformed exposures did not
indicate significant departures from linearity
for any of the exposures (p-values ranging
from 0.20 to 0.97}. None of the coefficients
for log-»scal{: DAP concentrations in the linear
models were statistically significant (for the

Table 2. Age-standardized WISC-IV scores of 8-ysar-old children {n = 231; PELAGIE cohort, France).

WISC-IV index and subtest Mean + 50 [ ph0 p73 Minimum—maximum
J\/o rking memary index 107.3+ 141 g7 106 118
{ 113228 9 12 14
11.3£2.4 L 11 3
107.0£16.0 93 108 118
118+33 10 2 14
\/oudbua ry? 97+35 ] 10 12
Comprehension® 11.9+31 10 2 14

B, pereenti
2tight miss

¢ values. #0ne missing value. Thres missing velues.

Table 3. Quantification frequency and median molar concentrations of nonspecific OF metabolites in
uring samples among all valuas (1 = 231; PELAGIE cohort, France).

% =100

0P metabolites or LOD¢ p10 025 55 pis pg0

Maternal urine samples
D wosphales 913 2.3 145 439 856 151.2
phosphates 89.6 <100 10.5 343 71.9 115.5
wsphates 498 <100 <100 <100 13.2 36.7

Qamples {at age 6 years)

79.2 18 11.3 341 1206
B0.6 <100 30 199 65.0
52.8 <L0D 0.3 12.1 28.9

02,0.1, 0,005, 0,06, 0.32, and .13 g for

JH DHP DEDTY

-OD {for childran’s urine samplesh proportion of urinary samples in the
tabclites ofinterest.

, DERTPR, DMP, DMTP, ans DMDTP, respectively, L3O ware
L DMP, DMTP, ang DMOTP, respectivaly,
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DE cencentration at age & yeats, ﬁ = (.33
95% ClI: ~0.76, 0.10, p = 0.13; Table 4).

Table 5 presents the final regression
models for WISC-1V verbal comprehension
scores. After adjustment, maternal DAP and
DM urinary concentrations were not signifi-
cantly associated with their children’s verbal
comprehension scores. The highest maternal
urinary concentrations of IDE metabolites
were associated with a beteer WISC-IV verbal
comprﬁhﬁnsion score (5.5; 95% CI: 0.8, 10.3
for > 13.2 nmol/L vs. <« LOG).

In the same regression models, no statisti-
faﬂv siéniﬁmnt associations were observed
b;twcnn the children’s urinary concentrations
of DAP, DF, or DM and their WISC-1V

Véi‘ba] <O IHPEC‘}I@HSiO 1 8COore.

Tabie 4. Associations between OP urinary
metabolites and WISC-IV working memory scores
{n =231, PELAGIE cohort, France).

0P metabelites {nmoi/L) n B (95% i)
Pregnancy urinary samples
DAPA
<22.2 77 Reference
22.2-68.8 77 -15(-59,29)
> 68.8 77 -08(-50,39;
Log-concentrail 231 —0.55(-1.44,034)
77 Aeference
77 135731
27 DB 5 A0
231
116
58
57
231
77 Aeference
76 -06(-5.0,37)
Log-concentration 231 -0 73{ -1.03,
Dia?
<L0D 91 Heference
> 10B-13 70 -05(-48 338}
>13 7 0.2(-4.1, 45}
Log-concentration 231 0.07 (~0.51, .64
DE®
<10D 109
> L0D-111 61
81
231 -0.33{-0.76,(

s: DAP, dialkyphosphate; DM, dim
E, diethyiphosphate. Urinary cancaniy

agrancy and during chilghood were
iy in the madels, Models of natural
ansformed exposure concentrations we
g g> 0.05 for departures from
were anjustan for HOME score, breastfﬁedmg duration,
mathers’ |13, scho 1al education lavel, psychoiogist
testing the child, '"“E¢ irine levels of mother and chiid,
parity, and seascn Hacti
“]M’ ’I"UJPl“ were

r maternal alochol
g testing. DM

inciusicn, disturbanzzes during tEa;
matarnal fruit and vegetable cons
intake, and chiid's sex. *DE models were al
for marital status, matarnal fish intake, and chil d's sex.
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Results were similar for the associations
that included only prenataﬁ and childhood
exposures and corresponding creatinine
concentrations {see Suppiﬁmﬁntaﬁ Material,
Table 84). Spline regression findings were
consistent with the results in Table 5 and
showed nc contribution by the nonlinear
components of the associations (see

Supp]ememal Material, Figure S2}. None of

the log-scalrz DAP concentrations in linear
models were statistically significant (for
the prerzatai DE concentration, f} = (.33
95% CI: -0.12, 0.79, p = 0.15; Table 3).

Additional adjustment for birth weight
did not modify the associations between the
children’s WISC-IV scores and their mothers’
or their own uri nary concentrations of DAP,
DM, or DE {data not shown). When models
were restricted to participants with wmp?ete
data on all covariates, outcomes, and expo-
sures {m = 216} results were generally consis-
tent with findings from the defasht models for
eXposures at both rime points and associations
with working memory and verbal WISC-1V
scores {see Supplemental Marerial, Tables §5
and $6, respectively).

Discussion

The aim of this stud‘y was to assess the
potemial feurotoxic impac of dﬁvdopr
mental exposure to OP on cognitive func-
tions in a generai population of European
children. Neither the mothers’ nor children’s
urinary concentrations of cither total DAP
metabolites or DM metabolites were associ-
ated with the children’s WISC-IV scores.
Although no association was found berween
prf:natal DE urinary concentrations and the
WISC-IV w-:srking MEMOIY sCote, VUL results
unexpectedly indicated higher WISC-IV
verbal comprehension scores at age 6 years
in association with the highest maternal DE
arinary concentrations. The 6-year DE arinary
concentrations were associated with lower
scores of WISC-IV worki ng memory, but not
with the verbal comprehension score.

In the Center for the Health Assessment
of Mothers and Children of Salinas
(CHAMACOS) cohorst study, the mean
concentration of total DAP merabolites
measured in maternal urine samples (taken
around 13 and 26 weeks of prﬁgnancy),
modeled as continuous {logl10 scale) or
catﬁgmicai {in quimilﬁs), was related to
fower scores in all WISC-IV subdomains at
7 vears of age (Bouchard et al. 2011). They
observed significantly lower WISC-1V
scores once the second quintile of maternal
total DAP concentrations (55 nmol/L)
{Bouchard et al. 2011}, which is close to the
median DAP value measured in our popula-
tion (43.9 nmol/L). Prenatal DM and DE
urinary concentrations in our cohort were
both approximately half those measured in
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the CHAMACOS cohort (see Supplemental
Material, Table §7). However, the association
between total DAP urinary concentrations
and WISC-1V scores in the CHAMACOS
cohort was wealer when based on maternal

urine samples collected around 13 weeks of

pregnancy (range, 5-27 weeks), which is more
consistent with the time of maternal urine
sample collection for the present analysis
{< 19 weeks of gestation).

In the Mount Sinai Hospital (New
York) birth cohort, third-trimester preg-
nancy DE urinary concentrations were
associated with lower WISC-IV perceptual
reasoning scores among children 6-9 9 years
old 3. ﬁl 95% Cl: =7.31, 0.30 with logo-
concentration, » = 140) and lower working
memory scores anmong children 7-9 years
old (-3.48; 95% CI: =7.29, 0.34 with 1oglu
concentration, # = 114). Prenatal DM urinary
concentrations were significantly associated
with lower perceptual reasoning scores in
the subgroup of maternal PONT Q192R
QEQ genotype participants {(—6.15; 95% CI:
~11.99, ~0.31 with log,y-concentration,
n = 39; Engel et al. 2011). As in our study,
the authors did not observe signiﬁcanﬂy lower
WISC-IV verbal comprehension scores. The
prenatal DM and DE urinary concentrations
measured in our cohort are slightly lower than
those reported in the Mount Sinai cohort (see
Supplemental Material, Table §7). We did
not assess perceptual reasoning.

A third U.S. cohort, which entolled inner-
city mothers from New York, observed signifi-
cantly poorer scores for WISC-1V ‘vorkirisz
memory and a lower total IQY score at 7 years
of age associated with higher umbitical cord
concentrations of chlorpyrifos, which degrades
into DE metabolites (Rauh et al. 2011).

These three American birth cohorts
assessing the association of child cognitive
functions and OP deve]opmenta? exposure
were all conducted among ethnic minori-
ties or popu},ations with low sociceconomic
status, These populations might have been
exposed to other factors that enhance their
vulnerability to neurotoxic insults and that
are not eas 11 adjusted for in association
studies. In comparison, our population was
composed mainly of well- r:ducat{:d WOMED,
only 6% of whom reported they were single.
In AOOj, according to a national perinatal
survey, 42.6% of the pregnant women in
France had completed at least high school,
compared with 84.4% in our study popu-
lation (Blondel et al. 2006). Dc‘sp)r-‘: this
enrollment bias, this study has confirmed
well-established factors related to child neuro-
psychological outcomes, inciuding enriching
and cc;gni[ively s[imulating environments,
as assessed by maternal education level,
mothers’ 1Q, HOME score, or child elemen-
tary school {for working memory domain), as
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well as birth weight, which may be a marker
of individual nutritional and social status
{(Caldwell and Bradley 1984; Dauncey and
Bicknell 1999; Weiss et al. 2006). Mozeover,
enrollment in the PELAGIE birth cohort
tock place all over Brittany and did not repre-
sent one particular valnerable area. Finally,
we cannot rule out the pesssibiiity that the
srimuiating environments and the p@ssib]e
healthier lifestyies in our smdy pc;pulation
might attenuate the pmﬁmia}, AeuTotoxic
insults of OP. Nor, however, can we rule
out the possibility that manifestations of OP
neurotoxicity may be temporarily masked by
compensatory processes in our study popu-
fation and will become more apparent later
in life. Finaﬂy, in addition to possible lower
exposure levels, another explanation might
he potentiaﬂy distinct exposure pathways or
expostire mixtures, as suggested by the higher

Table 5. Associations betwaen OP urinary
matabolitas and WISC-1V verbal comprehansion
scores (= 231; PELAGIE cohort, France).

0P metaholites {nmal/L} i B3 {95% Cl}
Pregnancy urinary samples
77 Reference

77 34(-1.4,81)
7 30{(-1.8.78)
1.28)

731 032(-08
77
77
77

231

115 Reference
58 -0.7{-54,4.0)
57 5.5(0.8,10.3]

Log-concentration 231 033{-0.12,0.79)
B-year urinary samples

77 Reference
75 1.8(=3.0,85)

Lug—concen[ratmn

AP, dialkyphosphats;
athyiphosphate, Urinary concentrations

¢ g childhood were included
smm:tgnemsly in the models. Models of natural log—
transformed exposure concentrations were run after
coenfirming p> 0.05 for departures from linearity, All models
warﬂ adeftﬂd for HOME scare, breastfeeding duration,

M, dimethyi-

the uuid, and creatinine levels ef mother and ¢
wdels were also adj
sting. “DM models were a
during tes sarity, season of urine collec
fruit and vegetable consumption, and ¢
madels were also adjustad for maternal fis

¢ adjusted for d

1, matemal
ild's sex. °DE

take.
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relative contribution of the DMP metabo-
lite to total DM concentrations in this study,
compared with the CHAMACOS cohort (see
Supplemental Material, Table §7).

In view of what we know abour the
potﬁnria}, neurodﬁveiopmentai toxicity
of OP in children, the positive association
between prenatal DE urinary concentra-
tions and the WISC-IV verbal comprehen-
sion score must be interpreted with caution.
Recently Yolton et al. (2013), who enrolled
approximatefy 400 pregnant women from
the Cincinnati, Ohio, area, who were socio-
economically diverse and with similar or
slightly higher urinary DAP concentrations
{at around 16 and 26 weeks of pregnancy)
than in our study (see Sapplemental Material,
Table 87}, found enhanced atrention in
5-week-old infants with higher levels of DE
exposure. Furthermore, they observed less
lethargy and a reduction of autonomic stress
with high{:r DE muarernal urinary concentra-
tions. Because DAP metabolites are found in
food, the authors suggested that the cognitive
benefits of improved sociceconomic status
and better nutritional qua]ity may outweigh
the potentially detrimental effect of OP
developmental exposure.

Our results suggested that DE urinary
concentrations measured in 6-year-old
children were associated with decreased
WISC-1Y working memory scores measured
at the same age. Given the variability of
OP urinary biomarkers, particulaﬂy among
children (Artfield et al. 2014}, this result
must be interpreted with caution and requires
replication. To our knowledge, only one
U.S. birth cohort has assessed children’s
cognitive functions in relation to postnatal
urinary biomarkers of OF exposure. In the
CHAMACOS study, posmatzﬂ OF exposure,
measured by rotal DAP metabolites in chil-
dren’s urinary samples, taken at different
ages {i.e., 6 months, 1, 2, 3.5, and 35 years
of age}, was not associated with WISC-1V
scores, except for the 1-year-old DAP urinary
concentrations, which were related to better
verbal comprehension and 1Q scores at
7 years of age (Bouchard et al. 2011).

The limitations of our study are mai nfy
related to OP exposure assessment and the
possibility bias due to misclassification or
error measurement. OPs are characrerized
by a short biological half-life. Once absorbed
they are rapidly metabolized and eliminated
in hours to days. Spot urine samples there-
fore represent recent P exposure rather than
chronic cumulative exposure. Fusthermore,
the observation of large intraindividual day-
to-day variations of OP uri fary biomarkers
suggests that repeated urinary measures
enable better characterization of OP EXPOSHIE,
especially among children (Attfield et al.
2014; Bradman et al. 2013; Griffith et al.

Organophosphate

2011). Moreover, because DAP metabolites
are found in food (Lu et al. 2008; Zhang
et al. 2008), measurements of urinary fevels
of DAPs reflect intake of both the toxic
parent OP compound and the metabolite
itself, without possible distinction. In this
sense, fruit and vegetable consumgption were
thus considered as potential confounders in
the present study. Another Hmitation is the
existing imprecision in iabc;mto;ﬁy measure-
ments. Despite these limitations, urinary
biomarkers remain a simple, noninvasive ol
for assessing OP exposure; these work best
when background exposure levels are rela-
tively stable over time, and have been asso-
clated with neurodevelopmental outcomes
in previous studies. Future studies should
also consider PON1 susceptibility when
assessing OF developmental neurotoxicity,
in view of the polymorphisms known to be
involved in OP detoxification. Because our
study involved multiple comparisons in the
analysis without correction for them, we
cannot exclude the possibility of a chance
finding. Finaﬂy, simulation studies suggest
that the imputaticn approach we used might
induce distortion in variance estimates and
thus in conclusions of statistical significance
{(but with unbiased parameter estimates)
when censored values are > 309% (Lubin
et al. 2004). This might explain the absence
of statistical signiﬁcance in the association
between continuous DE concentrations
and WISC-1V scores. This study has many
strengths, mostly related to its longitudinal
design, aﬂowing us to obtain a substantial
quantity of information about prr:natal life
and childhood and thus to adjust for several
major confounders in our anaiysis. It is the
first Furopean study of associations between
prenatal biomarkers of OP exposure and child
neurodevelopment, assessed by standardized
cognitive scales.

Conclusion

Using first-trimester urinasy biomarkers of
OP exposure and standardized cognitive
tests to assess the potential developmental
neurotoxicity of OPs in the European
general population, we did not observe
associations between bicmarkers of prenataﬂ
OP esposures and children’s cognitive scores
at age 6 years, except that DE exposure
appearsd to be associated with better verbal
comprehension scores. Compared with the
previous longitudinal birth cohort studies,
our study population is well educated and
may thus have fewer risk factors and more
compensatory stimulation. Potential distinct
exposure pathways, exposure levels, or
miixtures are other possi’cle explanations.
Although replication is required, our study
suggests that postnatal OP exposure may
negatively influence working memuory scores.
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